Background. Human papillomavirus (HPV) vaccination was introduced into the routine immunization schedule in the United States in late 2006 for females aged 11 or 12 years, with catch-up vaccination recommended for those aged 13-26 years. In 2010, 3-dose vaccine coverage was only 32% among 13-17 year-olds. Reduction in the prevalence of HPV types targeted by the quadrivalent vaccine will be one of the first measures of vaccine impact.
Two prophylactic human papillomavirus (HPV) vaccines are available and have been shown in clinical trials to have high efficacy for prevention of infection and associated disease due to HPV types targeted by the vaccine [1, 2] . The quadrivalent vaccine is directed against HPV-6, -11, -16, and -18; the bivalent vaccine is directed against HPV-16 and -18. In June 2006, the Advisory Committee on Immunization Practices recommended routine vaccination with 3 doses of quadrivalent HPV vaccine for females aged 11 or 12 years and catch-up vaccination for those aged 13 through 26 years [3] . In October 2009, this recommendation was updated to include either HPV vaccine [4] . In 2011, a recommendation was made for routine vaccination of males [5] . While HPV vaccine coverage is increasing in the United States, a 2010 national survey found that only 49% of females aged 13-17 years had received at least 1 dose and that 32% had received 3 doses [6] . From mid-2006 through 2010, almost all HPV vaccine administered in the United States was quadrivalent HPV vaccine (Centers for Disease Control and Prevention, unpublished data).
HPV includes a group of >40 sexually transmitted types that are classified epidemiologically according to oncogenic risk [7] . Oncogenic or high-risk HPV types cause cervical cancers and contribute to a high proportion of other anogenital and oropharyngeal cancers. The high-risk types HPV-16 and -18 are responsible for approximately 70% of cervical cancers [8] . Nononcogenic (ie, low-risk) HPV types, including HPV-6 and -11, cause anogenital warts and recurrent respiratory papillomatosis [9] . A variety of projects have been established to monitor the impact of HPV vaccine on infection and disease outcomes [10, 11] . Declines in the prevalence of infection due to HPV types targeted by the vaccines (ie, HPV-16 and -18 for bivalent vaccine and HPV-6, -11, -16, and -18 for quadrivalent vaccine) will be one of the earliest measures of their impact.
While the main end points of the HPV vaccine clinical trials were vaccine type-associated disease and infection, efficacy against some nonvaccine HPV types was also evaluated, including those related to HPV-16 (ie, HPV-31, -33, -35, -52, and -58 in the alpha 9 species) and to HPV-18 (ie, HPV-39, -45, -59, and -68 in the alpha 7 species) [12] [13] [14] . Postlicensure monitoring evaluations also have the opportunity to evaluate crossprotection against nonvaccine HPV types, as well as possible type replacement.
We initiated monitoring of HPV prevalence in cervicovaginal swabs in the National Health and Nutrition Examination Survey (NHANES) in 2002. Previous reports described HPV type-specific prevalence in the prevaccine era [15, 16] . In this article, we compare national HPV prevalence among females in the prevaccine era (NHANES 2003 (NHANES -2006 ) and the vaccine era (NHANES 2007 (NHANES -2010 and estimate vaccine effectiveness.
METHODS

Survey Design and Population
NHANES is an ongoing series of cross-sectional surveys conducted by the National Center for Health Statistics (NCHS) of the CDC. The surveys are designed to be nationally representative of the civilian, noninstitutionalized US population. Consenting participants have a household interview followed by a physical examination in a mobile examination center (MEC 
Demographic, Behavioral, and HPV Vaccination History Data
Demographic information was ascertained during the household interview. Sexual history information was determined by self-report among participants aged 14-59 years, using audio computer-assisted self-interview in the MEC. Respondents who reported ever having sex (described as vaginal, oral, or anal) were asked additional questions about their sexual history, including age at first sex, lifetime number of partners, and number of partners in the past 12 months. NHANES 2003-2004 did not ask persons aged 14-17 years about partners in the past 12 months; this variable was not compared between the 2 time periods for 14-19 year-olds.
HPV vaccination history was collected in 2007-2010. Persons aged ≥16 years and emancipated minors were interviewed directly. For those aged <16 years, parents or guardians were interviewed. The question was stated as follows: "Human Papillomavirus (HPV) vaccine is given to prevent cervical cancer in girls and women. It is given in 3 separate doses over 6 months and has been recommended for girls and women since June, 2006. Have you (has xx) ever received one or more doses of the HPV vaccine? (The brand name for the vaccine is Gardasil)." Information on number of doses received was also collected. Persons with missing data or who answered "don't know" were excluded from analysis of vaccine coverage or associations of prevalence with vaccination history.
Specimen Collection and Laboratory Methods
Females aged 14-59 years who were examined in the MEC were asked to self-collect a cervicovaginal sample [15, 17] . Extractions and testing were performed at the CDC as previously described [15] . Briefly, extracted DNA was tested using the Linear Array HPV Genotyping Assay (Roche Diagnostics, Indianapolis, IN). All samples were hybridized to the typing strip that included probes for 37 -81, -82, -83, -84, -89, and -IS39). The XR probe indicates HPV-52; however, this probe also hybridizes to HPV-33, -35, and -58. Samples positive for XR and one of the cross-reacting types were ambiguous for HPV-52; in this situation, a typespecific quantitative polymerase chain reaction assay was performed. Samples negative for both β-globin and HPV were considered inadequate.
Statistical Analysis
Analyses were limited to subjects aged 14-59 years with adequate self-collected cervicovaginal samples. Data were analyzed using SAS (version 9.3, SAS Institute, Cary, NC) and SAS-callable SUDAAN (version 11.0, RTI, Cary, NC). We estimated HPV prevalence among females aged 14- -52, and -58 (in the alpha 9 species); HPV-39, -45, -59, and -68 (in the alpha 7 species), and HPV-51, -56, and -66 (in other species). All estimates were weighted as specified by the NCHS, using 2-year weights to account for unequal probabilities of selection and adjustment for nonresponse [18] . Variance estimates were calculated using a Taylor series linearization to account for the complex survey design [19] . Prevalence estimates with a relative standard error (RSE) of >30% or based on ≤10 positive cases are noted; these are considered unstable and should be interpreted with caution. When we used logistic regression to determine adjusted prevalence ratios (aPRs), we adjusted for race/ethnicity in addition to lifetime number of sex partners because of the association with prevalence [15] . Sample size limited consideration of other variables for most analyses. The prevalence ratio was the predicted probability calculated from the logistic regression model, using the PREDMARG statement in SUDAAN [20] . Throughout the analyses, P values were not adjusted for multiple comparisons.
Prevalence ratios comparing NHANES 2003-2006 with NHANES 2007-2010 were calculated. To assess the comparability of participants in the 2 periods in selected age groups, we compared frequencies of demographic and sexual behavior variables. In NHANES 2007-2010, we calculated the percentage of individuals aged 14-19 years and 20-24 years with a history of vaccination. To compare the individual HPV types among participants 14-19 years old in these 2 periods, we plotted the prevalence of 37 types.
We further evaluated individuals aged 14-19 years and limited our analyses to sexually active females. Population characteristics and HPV prevalence in the prevaccine and vaccine eras were compared, overall and by vaccination history. We used logistic regression to determine aPRs. Among sexually active females aged 14-19 years in NHANES 2007-2010, we evaluated associations of vaccination history with vaccine-type HPV prevalence. Vaccine effectiveness was calculated as 1 -aPR [21] . . Vaccine type prevalence decreased from 11.5% (95% confidence interval [CI], 9.2-14.4) to 5.1% (95% CI, 3.8-6.6), a decline of 56% (95% CI, 38-69). HR vaccine type prevalence decreased from 7.2% (95% CI, 5.8-8.7) to 3.6% (95% CI, 2.5-5.0), a decline of 50% (95% CI, 26-66). There was a decline in HR nonvaccine type HPV, but this was not statistically significant. Among the other age groups, there were no differences in prevalence between these 2 periods (P > .05 for all comparisons).
RESULTS
Comparison of HPV
We further evaluated females aged 14-19 years, since prevalence changes were observed in this group. In 2007-2010, 98% answered the HPV vaccination question. Receipt of at least 1 vaccine dose was reported by 34.1% (95% CI, 28.5-40.2); among these females, 62.5% had a history of all 3 doses. Sexual behavior among females aged 14-19 years overall was similar in the 2 periods. In 2003-2006 and 2007-2010, 53 .9% (95% CI, 50.8-56.9) and 50.3% (95% CI, 45.0-55.5), respectively, reported having had sex (P = .24). There were only small, nonsignificant differences in lifetime number of partners and race/ ethnicity.
While NHANES can be analyzed in 2-year cycles, we used 4 years of data from each period, to increase the sample size for our comparisons. However, among females aged [14] [15] [16] [17] [18] [19] We also evaluated women aged 20-24 years, since vaccination is also recommended for this age group. In 2007-2010, 98% answered the HPV vaccination question. Receipt of at least 1 dose was reported by 17.8% (95% CI, 12.5-24.8); among these females, 53.6% had a history of all 3 doses. Ever having had sex was reported by 91.4% (95% CI, 86.2-94. had ≥2 partners in the past 12 months (P = .004). After adjustment for sexual behavior and race/ethnicity, there was still no change in vaccine type prevalence between the 2 periods in this age group (aPR = 1.07%; 95% CI, .76-1.52).
HPV type-specific prevalence among females aged 14-19 years is shown in Figure 1 and Supplementary Table 1. While there were increases or decreases in prevalence of individual types between the periods, differences were statistically significant only for HPV-16 (6.0% vs 3.0%; P < .05) and HPV-6 (5.4% vs 1.6%; P < .05). Prevalence estimates for many individual types were unstable, and differences were not tested for statistical significance.
Changes in HPV Prevalence Among Sexually Active Females Aged 14-19 Years, by Vaccination History
Further analyses were limited to sexually active females aged 14-19 years. Overall, demographic and sexual risk behavior characteristics did not differ between the 2 periods (Table 2) . However, compared with the prevaccine era, in 2007-2010 a greater percentage of vaccinated females (57.6% vs 47.6%; .3% of the unvaccinated populations. There were no statistically significant differences in overall distribution of race/ethnicity among the vaccinated (P = .08) or unvaccinated (P = .49) participants, compared with the prevaccine era. Compared with the prevaccine era, the prevalence of any HPV was lower in 2007-2010 overall (aPR = 0.82; 95% CI, .69-.98) and among unvaccinated females (aPR = 0.77; 95% CI, .64-.93; Table 3 ). Vaccine type prevalence was lower in 2007-2010, with an adjusted decline of 53% overall (aPR = 0.47; 95% CI, .33-.67) and an adjusted decline of 88% among vaccinated females (aPR = 0.12; 95% CI, .05-.29). Although the differences did not reach statistical significance, vaccine type prevalence was also lower among unvaccinated females in 2007-2010, compared with the prevaccine era (aPR = 0.72; 95% CI, .50-1.02). Compared with the prevaccine era, HR nonvaccine type prevalence in 2007-2010 did not differ significantly overall, among vaccinated females or unvaccinated females.
Vaccine Effectiveness in 2007-2010
In NHANES 2007-2010, race/ethnicity, lifetime number of partners, and history of vaccination were associated with vaccine type prevalence among sexually active females aged 14-19 years (Table 4) . Vaccine type prevalence was 3.1% among vaccinated females (RSE > 30%) and 12.6% among those who were unvaccinated (PR = 0.24; 95% CI, .10-.58). Vaccinated females had a greater lifetime number of sex partners (Table 2) . In multivariate analysis, after adjustment for lifetime number of sex partners and race/ethnicity, the association between vaccination history and HPV prevalence was stronger (aPR = 0.18; 95% CI, .07-.47). The estimated vaccine effectiveness of at least 1 dose was 82% (95% CI, 53-93).
DISCUSSION
We found a decrease in vaccine type HPV prevalence among a nationally representative sample of females 14-19 years old in the vaccine era (2007-2010) compared with the prevaccine era (2003) (2004) (2005) (2006) . No decreases were observed in other age groups. Our point estimate of a 56% decrease in prevalence is greater than expected, considering vaccination history in our data and vaccine coverage estimates from national immunization surveys [6] . In NHANES 2007-2010, only 34% of females in this age group reported receipt of at least 1 HPV vaccine dose. National immunization surveys found that coverage by at least 1 dose among females aged 13-17 years increased from 25% in 2007 to 49% in 2010 [6] .
We investigated factors that could have accounted for the decrease in vaccine type HPV prevalence. There were no differences in sexual behavior that we measured or in race/ethnicity between the 2 periods. We also found no downward trend in vaccine type HPV prevalence in the two 2-year NHANES cycles prior to vaccine introduction. Furthermore, there was no Table 1 provides further detail). *P < .05. change in herpes simplex virus type 2 seroprevalence among females in this age group between the periods (CDC, unpublished data). While other factors that we did not measure could have contributed to the decrease in prevalence in 2007-2010, our findings suggest an early impact of HPV vaccination. Early vaccine impact in the United States has also been suggested by investigation of genital warts trends [22] .
We explored whether the larger-than-expected decrease in vaccine type HPV prevalence among females aged 14-19 years might be a reflection of herd immunity. Among the sexually active participants, there was a decrease (88%) in vaccine type HPV prevalence among those vaccinated in the vaccine era, compared with the prevaccine era. While not statistically significant, there was also a decrease (28%) among those who were unvaccinated. Interpretation of these findings was complicated by the differences in characteristics of vaccinated and unvaccinated females. The demographic and sexual risk behavior characteristics we analyzed were similar in the 2 periods. However, when we stratified by vaccination history, we found that unvaccinated females in the vaccine era had fewer lifetime partners, compared with the prevaccine era population. Furthermore, the lower prevalence of any HPV type among those who were unvaccinated indicates a lower overall risk of HPV infection. We adjusted for race/ethnicity and sexual behavior in our analysis; however, our findings suggest that some of the decrease in vaccine type HPV prevalence among the unvaccinated females was due to differences in risk behaviors or other factors we were not able to control for in our analysis. Although we cannot conclude that our data provide evidence for herd immunity, herd immunity has been suggested by other evaluations of HPV prevalence or genital warts [23] [24] [25] . In Australia, where high 3-dose HPV vaccine coverage among females has been achieved, dramatic decreases in genital warts among young adult females were observed within the first few years of the vaccine introduction. Decreases were also observed among males, although they were not included in the vaccination program [25] .
In clinical trials, 3 doses of quadrivalent HPV vaccine had >96% efficacy against vaccine type infection and associated disease in the per protocol populations [2, 26] . Our estimate of vaccine effectiveness, 82%, is encouraging since several factors could have decreased our estimate. We likely included in our analysis persons infected before vaccination, evaluated prevalent infection (not incident persistent infection, as in the trials [26] ), and considered females who had a history of 1, 2, or 3 vaccine doses. We could not evaluate effectiveness separately on the basis of the number of doses, because of a small sample size. Other data suggest that vaccination with <3 doses might be efficacious [27, 28] . The current recommendation in the United States is for a complete 3-dose series [3] .
To investigate either cross protection against HR nonvaccine type or type replacement, we evaluated changes in type-specific prevalence between the 2 periods. There was no change in HR nonvaccine type prevalence among females aged 14-19 years overall. Because vaccine coverage was low and only about 50% of females in this age group were sexually active, we might not observe cross-protection or type replacement, if either occurs, at this time. In our analysis restricted to sexually active females, we also found no difference in the prevalence of HR nonvaccine HPV, alpha 7 species, or alpha 9 species among vaccinated females, compared with the prevaccine era. Replacement by HPV types not targeted by vaccine has been considered unlikely [29, 30] . Studies have evaluated the potential for type replacement and found no tendency for vaccine types to cluster with other types, positively or negatively [31] [32] [33] [34] [35] . In the vaccine trials, efficacy against incident persistent infection and disease end points was evaluated for types related to HPV-16 and -18 [12, 13] . In quadrivalent vaccine trials, some efficacy against HPV-31 and HPV-59 persistent infections was reported [13] . In a bivalent vaccine trial, efficacy against persistent infection and some disease end points was reported for HPV-31, -33, -45, and -51. Negative efficacy was observed for some HPV-52 and -58 disease end points, although findings were inconsistent across end points [14] . A postlicensure evaluation reported an increase in HR nonvaccine types among vaccinated females; differences in some demographic characteristics with respect to vaccination status could have impacted findings [24] .
There are several limitations to our data. First, data on vaccination history are from self-reports, and there could have been overreporting or underreporting. The vaccine coverage estimate for females aged 14-19 years is consistent with National Immunization Survey (NIS)-Teen findings [6] . By using providerverified records, NIS-Teen found that coverage by at least 1 dose among females aged 13-17 years was 49% in 2010. A history of at least 1 dose among females aged 14-19 years in NHANES 2009-2010 was reported by 46% (data not shown). A previous study compared self-report of HPV vaccination with provider records in NIS-Teen [36] . While correlation for HPV vaccine was higher than for other vaccines, parent report of at least 1 dose of HPV vaccine had a false-positive value of 7.8% and a false-negative value of 16.6%. It is likely that there was some misclassification of vaccine status in NHANES, which would have biased our analyses and estimate of vaccine effectiveness. Second, vaccine coverage varies by state. In 2010, coverage by ≥1 dose ranged from 29% to 73% [6] . NHANES does not allow statespecific prevalence estimates but is designed to include a representative sample of the US population. Third, starting in 2007, a new sampling methodology was implemented in NHANES, and adolescents were not oversampled. This decreased the number of females aged 14-19 years who were surveyed in 2007-2010. Some of our analyses were limited by small sample sizes, and some prevalence estimates were unstable. Our data suggest an early impact of HPV vaccination on vaccine type prevalence among females in the United States and a high vaccine effectiveness against vaccine type infection. The decline in vaccine type prevalence is higher than expected and could be due to herd immunity from vaccination, vaccine effectiveness of a series involving <3 doses, and/or changes in sexual behavior that we did not measure. This decline is encouraging, given the substantial health and economic burden of HPV-associated disease [37] . Ongoing analyses of NHANES will allow monitoring of the impact of HPV vaccine on HPV prevalence, vaccine effectiveness for different numbers of doses, possible cross-protection or type replacement, and duration of protection. NHANES, as well as other monitoring systems in the United States, will add to the accumulating data on the population impact of HPV vaccines.
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Notes
Data are limited to females who reported ever having had sex. a Race/ethnicity, sexual history, and vaccination history data are from self-report. The analysis limited to persons with information on vaccination history.
b Other race/ethnicity includes all persons who were neither white, non-Hispanic nor black, non-Hispanic.
c Relative standard error >30%.
